The responses of soleus muscle and/or muscle fibers to gravitation loading and/or unloading and the roles of mechanical stress and/or neural activity in the regulation of morphological properties in the soleus muscle were briefly reviewed. The soleus muscle, one of the ankle plantar flexors, shows tonic activity during body weight support against gravity (weight bearing exercise?). Passive shortening of muscle length and inhibition of the electromyogram (EMG) activity level are noted if rats are exposed to microgravity or hindlimb-unloading by tail suspension, which lead to severe atrophy in soleus muscle fibers. Previous studies reported that the unloading-related inhibition of mechanical stress and/or neural activity caused downregulation of muscle mass. On the contrary, functional overload by amputation of the peripheral tendons or ablation of the synergists (plantaris and gastrocnemius) increased force production and sensory nerve activity in the soleus muscle, resulting in fiber hypertrophy. However, deafferentation at the L 4-5 segmental level of the spinal cord down-regulated muscle mass, although the loss of muscle mass was not induced if the functional overload was performed in addition to deafferentation. These observations indicate that both mechanical stress and neural activity play important roles in the regulation of soleus muscle mass. It is well known that the level of protein synthesis and degradation strongly affects muscle mass. The mechanical stress-induced recruitment of satellite cells is also one of the important pathways in up-or down-regulation of fiber size. The essential roles of mechanical load applied to muscle fibers and neural activity of the muscle itself were clearly suggested by the reports cited in the present review.
Introduction
The slow antigravity muscle, soleus, in most vertebrates shows tonic neuromuscular activity for posture maintenance against gravity (on the Earth). Such activity plays a major role in muscular growth during the developing period 1) . However, loss of muscle mass is induced particularly in the soleus muscle of astronauts 2) and rats 2, 3) if weight-supporting activity is inhibited by exposure to a microgravity environment. It was also reported that hindlimb suspension of rats caused severe fiber atrophy in the soleus muscle [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Several signaling pathways, related to intramuscular protein synthesis 9, 13) , proteolysis 14) , proliferation 15, 16) and differentiation 17) of muscle satellite cells, are known to play essential roles in the regulation of skeletal muscle mass. However, it is still unclear how physiological stimulation, such as mechanical stress and neural activity, contributes to the regulation of muscle mass. The responses and adaptations of neuromuscular activities and fiber properties, of rat soleus muscle, to loading or unloading conditions, were reviewed.
Responses of neural activities to unloading

Acute response of electromyogram (EMG).
The soleus muscle is innervated by the motoneurons distributed at the L 4-5 segmental level of the spinal cord 8, [18] [19] [20] [21] . Responses of the neurograms in dorsal (afferent sensory nerve) and ventral (efferent motor nerve) roots at the L 5 segmental level, as well as the soleus muscle EMG, to gravitational unloading by exposure to microgravity 22) and hindlimb suspension 8) were studied in conscious rats. Microgravity was created by the parabolic flight of a jet airplane (Mitsubishi MU-300, Diamond Air Service, Aichi, Japan). During the ascending phase of the flight, the G level was increased from 1-G to approximately 2-G. Subsequently, ~ 20 seconds of microgravity was obtained at the top of the parabola. Tonic EMG in the soleus muscle and afferent and efferent neurograms were noted at 1-G 22) . However, the EMG disappeared and afferent nerve activity was decreased (-26% vs. 1-G level), when the rats were exposed to the microgravity environment. The level of efferent neural activity also decreased in the microgravity environment; but the magnitude was minor compared to that of afferent activity. The EMGs in the lateral portion *Correspondence: ohira@space.hss.osaka-u.ac.jp of the gastrocnemius and tibialis anterior did not change -or even increased -in the tibialis anterior in response to exposure to microgravity 22) . Similar responses were seen in the neuromuscular activities of the soleus muscle in response to acute (20 seconds) tail suspension 8) . However, EMGs in the medial portion of the gastrocnemius and tibialis anterior showed no responses to acute hindlimb suspension 20) .
Adaptation and recovery of EMG. Previous studies investigated the time course changes in soleus EMG during chronic hindlimb unloading. Ohira et al. 23) reported that soleus EMG disappeared immediately in response to the beginning of hindlimb suspension. Although the EMG level gradually recovered during 2 weeks of suspension, a gradual decrease was induced again thereafter. Alford et al. 4 ) also showed that the decreased level of soleus EMG was increased gradually to the control level after 7-10 days of continuous hindlimb suspension. On the contrary, Blewett and Elder 24) reported that the EMG levels of both the soleus and plantaris were low during 28 days of hindlimb suspension, in which the body weight was checked every 4th day. Since the suspension-related decrease of EMG remained low during the first week of suspension 4, 23) , the ground support activity performed for measurement of body weight 24) may be one of the causes for the inhibition of EMG recovery.
Adaptation of afferent nerve activity. Hindlimb suspension also inhibited the levels of an afferent neurogram recorded at the L5 segmental level of the spinal cord in rats 8) . Further, afferent neural activity returned to the presuspension baseline level, recorded on the floor, during 2 weeks of continuous hindlimb suspension, as was seen in EMG. De-Doncker et al. 25) also reported that the levels in the soleus EMG and afferent neurogram recorded at the L 5 segmental level of the spinal cord were maintained at lower levels until the 6th day during hindlimb suspension and were recovered between the 6th and 9th day. The decreases in the soleus EMG and afferent neurogram caused by hindlimb suspension were also related to the lowered tension development caused by passive shortening of muscle, muscle fibers, and sarcomeres due to plantarflexion of ankle joints, as is stated below. However, sarcomere remodeling was noted in soleus muscle fibers 2 weeks after suspension 8) . The total number of sarcomeres in muscle fibers, sampled from tendon-to-tendon, decreased and the sarcomere intervals returned to normal levels. Thus, both active and passive tension development of muscle also recovered toward the pre-suspension baseline levels at a dorsiflexed ankle joint position on the floor.
Effects of elastic properties on afferent nerve activity. It was shown that the discharges of Ia and II afferent fibers in response to a given stretch of rat soleus muscle fibers were increased after 14 days of hindlimb suspension, suggesting that increased connective tissues could contribute to a better transmission of passive mechanical stretch to muscle spindles 26) . Further, the effects of gravitational unloading on the elasticity of muscle fibers were studied 27) . The relative proportion of type III collagen, which is more elastic than type I, was increased in response to 14 and 28 days of hindlimb suspension in rats. It was shown that the passive tension of soleus fibers, atrophied after 14 days of hindlimb suspension, in other words thy showed diminished elasticity in response to stretch than that of control fibers. It was concluded that a such phenomenon may be due to the decreased amount of connectin 28) . Goto et al. 6) reported that the elasticity of connectin (titin) filaments in the I-band region of atrophied soleus muscle fibers was reduced following hindlimb suspension. The recovery of neuromuscular activity during hindlimb suspension may be related to this phenomenon.
Muscle length and force development
Generally, the ankle joints are dorsiflexed up to approximately 30 degrees during the sedentary quadrupedal posture in a 1-G environment 8) . In such a position, the soleus muscle is stretched and the mean length of sarcomeres is greater than 3 µm. However, the ankle joints are plantarflexed to approximately 160 degrees and the soleus muscle length is shortened (~35%) compared with the dorsiflexed position on the floor 22) . In this "slack" position, force production is minimized further, even if the muscles are activated 8, 21) . These phenomena indicated that unloading by exposure to microgravity or hindlimb suspension inhibited both mechanical stress and neural activity in the soleus muscle of rats. Such a decrease in the neuromuscular activities might be the main cause for the unloading-associated atrophy in the soleus muscle.
As was stated above, the EMGs in the medial portions of the gastrocnemius and tibialis anterior showed minor responses to acute hindlimb suspension 8) . Ohira et al. 10) reported that the suspension-associated shortening of the muscle length in gastrocnemius (-36% vs. sedentary condition) was less than that in the soleus muscle (-59%).
The length of the tibialis anterior actually increased (+11%) due to suspension-related passive dorsiflexion of the ankle joints, as shown in Fig. 1 . These results also support the phenomenon that the soleus muscle is more susceptible to gravitational unloading than the fast-twitch synergist, gastrocnemius, or antagonist, tibialis anterior.
Specific role(s) of mechanical stress and neural activity in the regulation of fiber size
Experimental models. The following models in adult male rats have been utilized in order to classify the specific effect of mechanical stress or neural activity 9) . 1) Functional overloading, the level of mechanical stress -amputated. The overloaded muscle showed greater passive and active force production 8, 9) . Roy et al. 29) reported that increases in maximum isometric twitch and tetanic tension in the remaining musculature was noted 12-14 weeks after ablation of the synergists, clearly indicating that compensatory adaptation resulted from functional overload-associated activation of the muscle. However, the level of soleus EMG did not increase significantly following amputation of the synergists; although the afferent neural level increased 1.7-fold compared to the pretreatment level 8, 9) . The force, which was set to zero when the ankle joint was plantarflexed and the soleus muscle was passively shortened during hindlimb suspension, was constantly generated at rest in a quadrupedal posture on the floor (~44g) 9) . The force increased in response to the synergist amputation (+102% vs. pre-experimental control). The levels of force produced during walking in both the normal control and synergist-amputated groups were further increased (+130 and +71% vs. at rest on the floor, respectively) 9) . These data clearly indicated that the strong increase in mechanical stress level applied to the remaining muscle was noted after the amputation of synergists.
The phosphorylation level of ribosomal protein S6 (+84%), as well as the muscle weight (+32%) and fiber cross-sectional area (CSA, +24%), was increased in soleus muscle of adult male rats following 14-day functional overload 9) . These results suggest that the increased mechanical stress stimulated the rate of intramuscular protein synthesis and subsequently caused the muscular hypertrophy. McCall et al. 30) reported that soleus muscle weight was increased (+32% vs. the control) following 21 days of overload, but no significant increase of fiber CSA was seen in adult female rats. However, the significant increase in the fiber CSA could be seen, if growth hormone and insulin-like growth factor 1 were subcutaneously applied in addition to the overload, as was suggested elsewhere 30) . There may be some differences in the susceptibility to functional overload between sexes.
Effects of deafferentation. Deafferentation alone caused fiber atrophy in the soleus muscle (-27% vs. the preexperimental level), but the magnitude of atrophy was minor compared to that of unloaded rats (approximately half of the pre-experimental level) in the experiment stated above 9) . Furthermore, deafferentation-induced atrophy was not observed if the soleus muscle bore additional overload due to deafferentation, even though the EMG level was still less than the control level. These results indicate that mechanical stress itself plays an essential role in the regulation of muscle fiber size.
Other studies 31, 32) also showed deafferentaion-induced fiber atrophy in the soleus muscle. Mounier et al. 31) reported that maximal force production measured in skinned fibers was increased (+28%) in the soleus muscle of deafferentated rats compared to the control, despite a decrease in muscle mass of 17%. They further discussed that the excluding the EMG level, in the soleus was increased by amputation of the tendons of the synergists (gastrocnemius and plantaris). 2) Unloading of the soleus was performed by hindlimb suspension, which could inhibit both mechanical stress and neural activity. 3) Cutting of the dorsal root ganglion and a part of the dorsal root at the L 4-5 segmental levels of the spinal cord was done for deafferentation. Deafferentation inhibited neural feedback, also causing a decreased EMG level in the soleus muscle even in rats in the sedentary prone position on the floor. However, the passive mechanical load of muscle, at least, might be maintained, because the normal posture keeping the ankle joints at dorsiflexed position was maintained 9) . The rats were also capable of performing voluntary locomotion. 4) Some rats were also treated with both functional overload and deafferentation. A sampling of the soleus muscle was done 14 days after these treatments.
Effects of functional overload. The soleus muscle could be overloaded if the tendons of the synergists (plantaris and medial and lateral gastrocnemius muscles) were growth factor families 16, 17) or nitric oxide 15) . It is also reported that satellite cells are activated when the muscle is overloaded 37) or injured 38) . However, the mitotic activity of satellite cells is suppressed following hindlimb suspension 39, 40) . Further, Wang et al. 12) found pronounced loss of satellite cells in the central region of soleus muscle fibers following 16 days of hindlimb suspension. They also observed that the mean sarcomere length in the central region of the fibers was passively shortened (less than 2.1 µm) due to suspension-related plantarflexion of ankle joints; although the length in the proximal and distal region of the fibers was not significantly influenced. Since tension development is not detected in muscle with passively shortened sarcomeres (less than 2.1 µm), it is suggested that a loss of satellite cells from the central region of the fibers is clearly related to decreased mechanical stress 7) . The number of satellite cells was normalized in response to increased mechanical stress, which was induced by passive stretching of the muscle fibers due to dorsiflexion of the ankle joints during ambulation recovery on the floor 12) .
Fiber growth. It is known that hindlimb suspension during the developing period inhibits the growth of soleus muscle fibers 1, 12, 23, [41] [42] [43] . Ohira et al. 1) reported that a growth-related increase in the myonuclear number, as well as the fiber CSA, in the soleus was inhibited if pups were hindlimb-unloaded by tail suspension from day 4 to 21 after birth. It was further reported that CSA and number of myonuclei and satellite cells in soleus muscle fibers of rats, hindlimb-suspended between postnatal day 4 and month 3, were smaller than those of the age-matched cage controls; although the same were larger compared to preexperimental levels 42) . These results suggest that growthrelated adhesion of satellite cells, myonuclear accretion and subsequent fiber hypertrophy are closely related to postnatal muscle activity.
However, the growth-associated increase in the total number and length of the fibers was not affected by unloading. Longitudinal growth of soleus muscle fibers may be closely related to an increase in the length of the fibula 44) , in which the proximal tendon of the soleus is attached. Ohira et al. 44) reported that the length of hindlimb bones, sampled from rats that were hindlimb-unloaded between postnatal day 4 and month 3, were elongated normally. Thus, it was suggested that the increase in muscle fiber length may be, in part, related to the load caused by passive stretching due to longitudinal growth of the bone. It was also speculated that muscle cell formation may be genetically programmed. Furthermore, re-growth of these parameters, inhibited by unloading, was seen if suspension was terminated and ambulation recovery on the floor (reloading) was allowed 1, 42) . These results also supported the load-dependent growth of soleus muscle fibers.
Morphology of myonucleus.
Overload-associated fiber contradictory effects between the changes in force level and muscle mass were associated with changes in the kinetics of Ca 2+ binding on thin filaments in cross-bridges. These results indicate that neural activity associated with afferent input contributes to the regulation of contractile characteristics.
Recently, we found that soleus muscle-mediated sensory nerve activation contributed to the development of autoimmune diseases in the central nervous system 33) . Sensory nerve activation via the soleus muscle was critical for chemokine CCL20 expression in dorsal blood vessels of the 5th lumbar level of the spinal cord, and subsequently enhanced the accumulation of pathogenic CD4+ T-cells. However, the accumulation of pathogenic cells was inhibited when sensory nerve activation via the soleus muscle was suppressed by tail suspension or transection of the dorsal root at the 5th lumbar level of the spinal cord. These findings indicate the critical role of afferent feedback, which could be due to anti-gravitational activity of the soleus muscle.
Involvement of protein synthesis in the size regulation of soleus muscle fibers
Synthesis and degradation. It is known that skeletal muscle mass is closely related to the level of intramuscular protein synthesis 9, 13, 14) . It was reported that the phosphorylation level of the ribosomal protein S6, as well as the fiber CSA, in the soleus muscle decreased following 2 weeks of hindlimb suspension in adult rats; whereas the ubiquitination of the myosin heavy chain was promoted 9) . Hornberger et al. 13 ) also showed that the phosphorylation level of p70 ribosomal protein S6 kinase (p70S6K) in the soleus muscle unloaded for 7 days was less than that in the controls. However, the effects of hindlimb suspension on both the phosphorylation level of p70S6K and muscle mass were not seen in the extensor digitorum longus. Furthermore, Yimlamai et al. 14) reported that the up-regulation of the ubiquitin-proteasome pathway was noted in the soleus, plantaris and tibialis anterior muscles after 14 days of hindlimb suspension -being most pronounced in the soleus muscle. These observations indicated that the gravitational unloading of hindlimbs caused the degradation of muscle proteins and subsequent fiber atrophy in the soleus muscle.
Satellite cells and myonuclei. The unloading-related degeneration of the soleus muscle was also associated with the loss of myonuclei 5, 9, 12) . Allen et al. 5) reported that the loss of myonuclei in atrophied muscle fibers was related to apoptosis. Muscle satellite cells are lying between the sarcolemma and the basal lamina of myofiber 34) ; and the cells proliferate, differentiate and incorporate into the growing myofibers as new myonuclei 35) . Quiescent satellite cells adher to the myofiber with M-cadherin 36) and proliferation and differentiation are controlled by several hypertrophy was induced without an increase in myonuclear number 9) , suggesting that the function of a single myonucleus might be improved by enhanced mechanical stress. The nucleolus is recognized as a loop of the ribosomal DNA region where the ribosomal RNA (rRNA) is transcribed by RNA polymerase I 45) . The number of nucleoli reflects the transcriptional activity of rRNA, which plays a role in intracellular protein synthesis 46) . Therefore, the morphological characteristics of myonuclei were investigated 9) . The mean number of nucleoli within a single myonucleus of normal soleus muscle fibers was generally 1-2, but was increased to 3, 4, or 5 in response to amputation of the synergists, suggesting that the level of rRNA production in the myonucleus was elevated in response to enhanced mechanical stress. It was suggested that mechanical stress itself could be one of the major stimuli which enhance the intramuscular capacity for protein synthesis via the increased number of nucleoli. Furthermore, hindlimb suspension enhanced the myonuclear size 9, 12, 42) . It was suggested that a decrease in the mechanical stress level was also associated with the increase in myonuclear size, although the mechanisms responsible for their close relationship are unknown. Therefore, it is clear that mechanical stress, applied to muscle fibers, plays an important role in the regulation of nuclear morphologies which probably influence intramuscular protein synthesis.
Stress-response protein.
The 25kDa heat shock protein (HSP25) is abundantly expressed especially in slowtwitch skeletal muscle such as the soleus 47, 48) . The lower level of HSP25 expression was associated with the downregulation of soleus muscle mass following hindlimb unloading 49) and spinal isolation 48, 50) in rats. In contrast, the level of HSP25 expression in rat soleus muscle increased in response to amputation of the synergists 8, 51) . Further, it is known that HSP25 is phosphorylated in response to some cellular stress [52] [53] [54] [55] . We previously reported that the phosphorylation level of HSP25 decreased in atrophied soleus muscle following 14-day hindlimb unloading, although the total expression level remained unchanged 8) . Lengthening contraction caused an immediate increase of dual phosphorylation of HSP25 and translocation from the soluble to insoluble fraction in mouse extensor digitorum longus muscle 56) . Paulsen et al. 57) also reported a greater accumulation of 27kDa HSP -homologous with HSP25 -in Z-discs and disrupted sarcomeres in response to enhanced mechanical stress in human skeletal muscle; although the expression of HSP25 was also noted in normal muscle fibers without damage. These results indicate that HSP25 plays an important role in the protection and/ or construction of cytoskeletal elements in response to myofibrillar damage.
Fiber damage. It was tested whether HSP25 was phosphorylated and located in the damaged region of myofibril of soleus muscle fibers following reloading after the induction of fiber atrophy 6) . Hindlimb unloading by tail suspension was performed in adult rats for 7 days and reloading was allowed for 5 days after the termination of suspension. Non-and single-phosphorylated HSP25s were generally expressed in the cytoplasmic fraction of normal muscle. The level of total HSP25, as well as the phosphorylation ratio, did not change significantly in response to atrophy. Increased expressions of HSP25, phosphorylated at serine 15 (p-Ser15) and dualphosphorylated form, were noted when atrophied muscles were reloaded. Myofibrillar HSP25 was also noted in the reloaded muscle. Fig. 2 shows the typical patterns of immunohistochemical staining for p-Ser15 and Z-disc component proteins (desmin and actinin) in the longitudinal section of normal (control) and reloaded muscle. Organized structures were seen along the long axis of control muscle fibers (panel a-c). However, some regions were noted in several portions of reloaded muscle fibers where the structure of the desmin and actinin-visualized Z-disc was abnormal (panel d-f). Expression of p-Ser15 was noted in these disorganized regions (panel j-l for desmin and panel p-r for actinin). Furthermore, the interaction of p-Ser15 with desmin and actinin was detected in Z-discs by proximity ligation assay (Fig. 3) . Strong interaction between p-Ser15 and desmin, but not actinin, was noted in the disorganized areas (panel c and f). These results indicate that HSP25 contributed to the desmin cytoskeletal organization following phosphorylation at Ser15 during reloading and regrowing of soleus muscle fibers.
Perspective
Neural activities and mechanical load in the soleus muscle decreased when rats were exposed to microgravity or hindlimb-unloaded. The main cause of these phenomena was passive shortening of muscle fiber length, which was generally stretched during the sedentary prone posture under gravity. Chronic gravitational unloading induced atrophy of soleus muscle fibers associated with a decreased distribution of myonuclei and satellite cells. Such phenomena were reversed following ambulation recovery. Levels of protein synthesis and degradation, which influence muscle mass, were also closely related to the number of satellite cells and myonuclei. It was further reported that stress response, such as phosphorylation of HSP25 induced by mechanical loading, played an important role in the regulation of myofibrillar organization. These results indicate the crucial roles of mechanical stress and neural activities in the regulation of the morphological characteristics of the soleus muscle. 
